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EFFECTS OF REACTION CONTROL SYSTEM JET-FLOW 
FIELD INTERACTIONS ON A 0.015 SCALE MODEL SPACE 
SHUTTLE ORBITER AERODYNAMIC CHARACTERISTICS 

By 

WiilJam J. Moni.a* and J. R. Rausch** 
i>UMMARY 

This report presents results from an experimental program sponsored 
by NASA- Tohnron Space Center on the effects of the Reaction Control System 
(RoS) jet-flow field interactions on thi Space Shuttle orbiter system 
during entry. The primary objective of the test program was to obtain 
data for the Rockwell International Preliminary Requires Review (PRR) 
shuttle orbiter conf igur^^tion to determine control amplification factors 
resulting from jet interaction between "he RCS plumes and the extern#?! 
flow over the vehicle. A secondary objective was to provide data fo^ com- 
parison and improvement of analytic jet interaction prediction techniques. 

To accomplish the ojjectives, testing was conducted by General 
Oymunics Convair Aerospace Division 5n the NASA Langley Research Center 
4 X 4-Ft Unitary Wind Tunnel on an 0.015 ScaJe Model of the Rockwell PRR 
Configuration. Tests were made at Mach numbers of ?,5, 3.0 and 4.0 over 
a Reynolds number per foot range of 3.0 to 5.C million. Tlie model war 
pitched through an angle-of-rttack range of 0 ro 20 degrees with angles- 
of-sldesllp of 0 a.'ad +5 degrees. 

*NASA/LaRC 

**gd/c 
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The test program in the A x A-Ft Unitary Wind Tunnel was divided into 
two phases; (1) force and moment measurements were made with and v/ithout 
RCS blowing, investigating environment parameters (Rg, a, B) , rcs plume 
parameters (Jet pi.essure ratio, momentum ratio and thrust level), and 
geometry parameters (RCS pod locations) on the orblter model, (2) oil flow 
visualization tests were conducted on a dummy balance at the end of the 
test. Only the results of phase 1 testing are Included in this report. 
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KCMENCLAmE 

General 


SYMBOL 


Cp 

M 

P 

q 

rn/l 

V 

a 

P 

<f> 

P 

Ab . 

b 

c.g. 

/ref 

c 

S 


SADSAC 

SYMBOL 

DEFINITION 


speed of sound; m/sec, ft/sec 

CP 

pressure coefficient; (p^j^ - Po))/q 

MACH 

Mach number; v/a 
pressure; N/m^, psf 

q(nsm) 

q(psf) 

dynamic pressure; N/m^, psf 

rw/l 

unit Reynolds number; per m, per ft 


velocity; m/sec, ft/sec 

ALPHA 

angle of attack, degrees 

BETA 

angle of sideslip, degrees 

PSI 

angle of yav, degrees 

PHI 

angle of roll, degrees 

mass density; kg/m^, slugs/ft3 


Reference & C.G. Definitions 


base area; m^, ft^ 

BREF 

wing span or reference span; m, ft 


center of gravity 

LREF 

reference length or wing mean 
aerodynamic chord; m, ft 

SREF 

wing area or reference area; m^, ft' 

MRP 

moment reference point 

XMRP 

moraent reference point on X axis 

YMRP 

moment reference point on Y axis 

22ffiP 

moment reference point on Z axis 


SUBSCRIPTS 

b 

1 

8 

t 


base 

local 

stati'" conditions 
total cunditions 
free jtream 
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NCMEKCLATJRE (Continued) 
Body-/iXls Sys t em 



SADSAC 


SYMBOL 

SICMBOL 

DEFINITION 


CN 

normal-force coefficient; force 

qS 

Ca 

CA 

axial-force coefficient; force 

qS 

Cy 

CY 

side-force coefficient; force 

qS 

or 

CAB 

base-force coefficient; force 

qS 



-Ah(Pb - Peo)M 

^Af 

CAF 

forebody axial force coefficient, Cp^ - C^^ 


cm 

pruchiing-moment coefficient; pitching mome^ 


CYW 

yawing-moment coefficient; paving moment 

qSb 

c/ 

CBL 

rolling-moment coefficient; 

qSb 



Stability -Axis System 

Cl 

CL 

lift coefficient; 

qs 

CD 

CD 

drag coefficient; drag 



qS 


CDB 

base-drag coefficient; base drag 

qS 


CDF 

forebody drag coefficient; Cj^ - 

Cy 

CY 

side-force coefficient; force 

qS 

On 

cm 

pitching-moment coefficient; pitching mome^ 

qS/REP 

Cn 

cm 

yawing-moment coefficiencj ycwibg^POiynt 


CSL 

rolling-moment coefficient; rolling Poment 

qSb 

l/d 

i/d 

lift-to-drsg ratio; Cj/Cd 
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SYMBOL 

Poj 


A/A* 


NOMENCLATURE 

ADDITIONS TO STANDARD LIST 

SADSAC 

SYMBOL DEFINITION 

PO~JET total pressure in model RCS nozzle 

chamber, psi 

nozzle exit to' throat area ratio. 
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CONFIGURATIONS INVESTIGATED 


General Dynamlcs/Convalr furnished an 0.015 scale model of the space 
shuttle PRR orblter configuration which Is shown In Figure 2. The model 
was cast and fabricated from 17-4 PH stainless steel using the PRR config- 
uration design furnished by Rockwell International. Two left hand OMS pods 
were made; one from steel for the force tests and the other with a RTV 
covering for heat transfer tests. The RTV (»<S pod had a white grid 
on the surface to assist In data reduction. In addition, one yaw nozzle 
configuration was covered with RTV for heat transfer tests with thrust. 

Only the force test configurations were used in this test. 

The principal RCS locations tested are the yaw and roll thrusters 
located on the (MS pods near the base of the vehicle. 

ORBITER MODEL 

Figure 4 presents a cut-away of the orblter model while Figures 5 to 7 
present close-up photographs showing model details. The model consists of 
the following parts: 

a. removable nose 

b. fuselage afterbody 

c. lower fuselage afterbody for wing-off 

d. lower-aft fuselage cover (heat shield/cover) 

e. fuselage afterbody fairings 

f . OMS pods 

g. vertical tail 
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h. tail-off block 

i, wing 

j wing tip dummy RCS pod 

k. balance adapter for the 6-cemponent balance 

l. non-metric RCS plenum and supply line 

m. several nozzle configurations 

All model parts are cast or machined from 17 PH stainless steel. 

As shown in the Figure 4, the RCS engines are not mounted on the wind 
tunnel balance so that all that is measured is the basic configuration 
forces and moment and the resulting changes in these data from interactions 
caused by RCS operation. 

NOZZLE CONFIGURATIONS 

Figure 8 gives the details of the nozzle configurations furnished 
with the model. The nozzles are conical with a circular throat section. 

The nozzle configurations available Include: 

a. Twin nozzle yaw configuration having an expansion ratio of 
2.72, Ni (-33 part) 

b. Twin nozzle yaw configuration having an expansion ratio of 
1.61, N2 (-35 part) 

c. Twin nozzle yaw configuration having an expansion ratio of 
1.91, N3 (-37 part) 

d. Single nozzle yaw configuration having an equivalent nozzle 
area as (a) above with an expansion ratio of 2.72 N5 (-39 part) 






e. Twin nozzle roll configuration left hand side exhausting dovni- 
ward having an expansion ratio of 2t72, N4 q'(-> 29 part) 

f. Twin nozzle roll configuration right hand side exhausting upward 
having an expansion ratio of 2.72, ^ 4 ], (-31 part). N 4 repre- 
sents both N 4 Q and N 4 J. 

The twin nozzle configurations are 1.5 exit diameters apart and are 
mounted as shomi in Figure 9. 

The nozzle configurations are designed to plug into the RCS plenum 
using an "0” ring as a seal. One dummy RCS pod is also furnished (-43) 
f ir sealing one side of the plenum as required. The roll RCS pod con- 
figurations are designed to be used individually or together. 

Only the Nj^, N 4 Q and N 4 j^ nozzles (model parts —33, -29 and -31) 
were used in this test. 

RCS ENGINE SIMUUTION 

The RCS engine simulated in this study is a hydrazine monopropellant 
rocket engine with the following full-scale characteristics: 

1 ) chamber conditions 

Tg - 2000*F 

Pc ■ 157 psla 

2 ) nozzle 

80% bell 

A/ A* - 20 

exit diameter * 9.5 inches 

3) thrust ■ 1110 lbs (vacuum) 
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The Reactor Contro? System used during entry consists of two yaw conr 
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trol engines and two roll control engines per side of the vehicle. 

The reference entry trajectory used to establish the environmental 
conditions is the Rockwell International nominal guided entry trajectory 
(Trajectory Numbei 2007) • 

The baseline nozzle characteristics were combined with the reference 
trajectory using an isentropic expansion to define nozzle exit conditions 
to derive the nozzle flow parameter variation during entry. These param- 
eters include: 

1. nozzle exit static pressure ratio 

2. nozzle thrust coefficient 

3. nozzle momentum ratio 

A* nozzle thrust ratio 

5« nozzle mass flow ratio 

6« nozzle temperature ratio 

7. Herron's plume parameter 

Reference 1 defines the values for the above parameters. 

The nozzle ratios (thrust, momentum, mass flow, and temperature) were 
determined from the expressions given by Plndzola in reference 2 while 
Herron's parameter was defined in reference 3* 

In order to determine the scaled nozzles which matched these param- 
eters, the wind tunnel ambient conditions were obtained for the test Mach 
numbers and Reynolds numbers and the properties of the auxiliary air were 
assumed (R, Tg„pp^y). 
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The scaled nozzle expansion ratio and supply pressures were calculated 
to match hoth nozzle exit pressure ratio and thrust coefficient simultane- 
ously for a given test gas and a given test condition. One matched nozzle 
was determined for each test gas (air or helixim). Matching thrust coeffic- 
ient and pressure ratio for these nozzles results in matching momentum 
ratio and thrust ratio but not mass flow ratio. The remaining nozzle param- 
eters were computed at the other test conditions for each matched nozzle. 

A third nozzle was then sized for air as the test gas, matching full scale 
mass flow ratio and pressure ratio. A fourth nozzle, designed the same as 
the air nozzles (matching pressure ratio and thrust coefficient), was sized 
to have the throat area of two nozzles. This nozzle was used, in place of 
the two nozzle set, to determine if the analytic approach using a single 
equivalent nozzle to represent closely spaced nozzles is realistic. 

The parameters for aJ.1 these nozzles were computed at all test con- 
ditions. The run schedule was set up to obtain the greatest variation in 
parameters available for a given set of nozzles. Only the nozzles matched 
for air as the test gas were used in this test. 



TEST FACILITY DESCRIPTION 


The NASA LRC k foot Unitary Plan Wind Tunnel (UPWT) is a closed- 
circuit, continuous flov, variable density facility. The test section is 
feet by U feet by 7 feet long. 

Two tunnel legs are available for supersonic testing in the Mach 
number ranges l.hj to 2.86 (leg No. l) and 2.29 to 4.63 (Leg No. 2). Both 
tunnel legs were used for this test. An asymmetric, sliding block nozzle 
position and total pressure setting provide the test Mach numbers at a 
specified Reynolds number. Reynolds number can be varied from 0.76 to 
7.78 million per foot. Available stagnation pressure variation is 4.0 to 
142. psia. Dynamic pressure variation is 95* to 1260. psf with normal 
operating stagnation teii 5 )erature about 150°F in Mach modes 2 or 3 and 
about 175°F in Mach mode 4. The tunnel io equipped with a dry air supply, 
an evacuating system, and a cooling system. Ttie facility power is approx- 
imately 83,000 horsepower. 

Model moTinting provisions consist of various sting arrangements, 

including axial (longitudinal), lateral (independent pitch and yaw), and 

0 

roll movement with side wall support. A Schlieren system and oil flow 
visualization equipnent are available. Data are recorded at the tuimel 
and reduced off-line at the Langley Computer Center. The tunnel is used 
for force and moment, pressure, and dynamic stability tests. Hot and cold 
Jet effects and heat transfer have been studied in the UPWT. 


12 



( 


DATA REDUCTION 


The measured forces and moments from the balance were reduced to aero- 
dynamic coefficients using the standard reduction equations In both stability 
and body axis with the following refeience area and lengths. 

Sref “ 0.7245 ft2 

byg£ = 15.1152 Inches (lateral-directional reference length) 
c(MAC) s 7.8828 Inches (longitudinal reference length) 

In the addition the moments are about a moment reference center (MRC) as 
shown In Figure 9. 

Model Station 12.951 
Model Water Line 6.000 

All data have been corrected for deflection of the sting and balance due 
to aerodynamic loads. Corrections have also been made for flow angularity 
of the test section as determined from existing flow calibrations. No cor- 
rection has been made to pitching moment to account for flow curvature, 
however. Model cavity pressure was measured with static orifices located 
In the vicinity of the balance, but model base pressure was not measured. 

No adjustment was made to axial force or drag data for cavity nor base 
pressure* 

In addition to the normal aerodynamic coefficients incremental coeffi- 
cient values between jet-on and jet-off runs were computed so that inter- 
action increments are also presented as functions of angle of attack and 
yaw. 
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It should be pointed out that the test utilized yaw Jets on the port 
side which generated negative yawing moments and positive side forces, 
while the roll Jets generated positive (right wing down) rolling moments. 

Calibration tests were performed in a vacuum chamber at Convair Aero- 
space Division from March 26 to 28, 1973 in order to establish the nozzle 
thrust and mass flow as functions of nozzle plenum pressure. 

The nozzle assemblies were mounted on a single component strain gage 
force balance in a 5 foot diameter vacuum chamber to obtain direct measure- 
ment of thrust of each nozzle block. 

The mass flow data was computed by measuring the pressure drop across 
an orifice plate for which the constants had been determined by prior cali- 
brations* Calibration runs were made both at 5 psia and 3 psia pressures 
in the vacuum chamber using dry Nitrogen as the test gas for all nozzles 
and additional helium as the test gas for one nozzle. The measured nozzle 
thrust data were then corrected to vacuum conditions. The results of these 
calibrations are presented in Reference 1. 
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FEST J 


UPWT 1031 (MA-7) i 

TEST CONDITIONS 


DATEJ 


MACH NUMBER 

REYNOLDS NUMBER 
(per unit length) 

DYNAMIC PRESSURE 
(pounds/sq. inch) , 

F •li [ 1 j . ■ i 3| M ^ 

2.50 

IBHHRSHIHil 

4.52.8. ... 

l‘>Q° 

2.95 

MBBBSKam 

4.021 

150” 

4.00 

1.0 X 10^ 

1.007 

175“ . 

4.00 


J.021 

175“ 

4.00 

5.0 X 106 

5.042 

175“ 














































BALANCE UTILIZED: LaRC # 839, 6 component strain gage 


NF 

CAPACITY: 

BOO.# 

ACCURACY: 
1/2 X F.S. Load 
4.0 i. . 

COerFICIENT 
.0381 *0075 

$F 

200 # 

1.01 

.0095^ 

.0019 

AF 

60# 

0.3# 

.00286 

.00057 

PM 

1600 in*# 

8.0 In. 1 

.0605 

■tPm 

RM 

400 In. 1 

2.0 In. # 

.0151 

.0031 

fllfl 

YM 

400 In. # 

2-0 in. 1 

.0151 

.0031 
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TABLE III. MODEL COMPONENT DIMENSIONS 


MODEL COMPONENT: 

GENERAL DESCEIFTION: Reaction Control System Yaw Vozzlee Ni Scaled 

for Air as Test Gas 


DSAHING NUMBER: 


DPCHSIONS: 

NUMBER OP NOZZLES 
EEPAMSIOM RATIO 
EUT DU. 

EXIT ANGLE 
LOCATION 
X 3X4 
T 8TA 
Z 3X4 
CAS 


FULL-SCALE 

2 

20 

9 . 5 *' 

8 * 


N2H4 


MODEL- SCALE 

2 

•>.37 

0 . 146 " 

15* 

LEFT SIDE ONLY 
23.913" 
2.195 
7.123 
Air 
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TABLE III. MODEL COMPONENT DIMENSIONS (Continued) 


MODEL COMPONENT: U 

GENERAL DESCRIPTION: »««ctlon Control System Roll Nozzles - Roll Right 

(Left Thruster Exhausts Toward Wing, Right Nozzle Past Vertical Fin) 


DIAHIMG NUMBER: 


DIMENSIONS: 


NUMBER CF NOZZLES 
EIPAMSIOU RATIO 
EXIT DU. 

EXIT ANGLE 
LOCATION 
Z STA 
T STA 
2 8XA 


GAB 


FULL-SCALE 

20 

9.5*' 

8 * 


N2Ha 


MODEL -SCALE 

4 (2 lef t, 2 right) 

7.37 

0.0146 

1 ^ 

Right Wing Down Roll Only 
23.775 

1.750 

7. 686 6 5.561 
Air 
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TABLE III. MODEL COMPONENT DIMENSIONS (Continued) 


MODEL COMPONENT: 


GENERAL DESCRIPTION: 


Reaction Control System Left Side Pitch/Ro.1.1 


Nozzles Exhausting Toward Wing 


DRAWING NUMBER: 


DIMENSIONS: 


FULL-SCALE 


M(H)EL-SCALE 


NUMBER OF NOZZLES 


E3CPANSION RATIO 


EXIT DIA. 


0.146 


EXIT ANGLE 


LOCATION 


Left Side 
Exhausting Down 
23.77_5_ 


T STA 


Z SIA 


5.561 





TABLE 111. MODEL COMPONENT DIMENSIONS (Concluded) 


MODEL COMPONENT: 

GENERAL DESCRIPTION: Reaction Control System Right Side Pltch/Roll 

Nozzles Firing Upward Past Vertical Fin 


n 




DRAWING NUMBER: 




DIMENSIONS: 

• 

FULL-SCALE 


MODEL-SCALE 

NUMBER OF NOZZLES 

2 


2 

EXPANSION RATIO 

20 


7.37 

EXIT DU. 

9.5 


0.146 

EXIT ANGLE 

8' 


15* 

LOCATION 

- 


Right Side 
Exhausting Up 

X STA 



23.775 

T STA 



1,75 

Z STA 



7.686 

GAS 
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Figure 1. Axis Systems 












Ffaotograph of .015 Scale Model Orblter & BCS Hozzles. 




Figure 6. Photogra^ of ,015 Scale Model Orbit er Depicting RCS Nozzle Installation. 



Photograph of .015 Scale Model Orbiter (Top View) 


Single Nozzle 


Twin Nozzle 
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FIGURE 9. HOZZLE LOCATIOHS ABD MOMEBT TRABSFER OIA(HUUf 
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